Lightly etched single-walled carbon nanotubes are chemically reacted to form rings. The rings appear to be fully closed as opposed to open coils, as ringopening reactions did not change the structure of the observed rings. The average diameter of the rings was 540 nanometers with a narrow size distribution. The nanotubes in solution were modeled as wormlike polymer chains, yielding a persistence length of 800 nanometers. Nanotubes shorter than this length behave stiffly and stay nearly straight in solution. However, nanotubes longer than the Kuhn segment length of 1600 nanometers undergo considerable thermal fluctuation, suggesting a greater flexibility of these materials than is generally assumed.
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Lightly etched single-walled carbon nanotubes are chemically reacted to form rings. The rings appear to be fully closed as opposed to open coils, as ringopening reactions did not change the structure of the observed rings. The average diameter of the rings was 540 nanometers with a narrow size distribution. The nanotubes in solution were modeled as wormlike polymer chains, yielding a persistence length of 800 nanometers. Nanotubes shorter than this length behave stiffly and stay nearly straight in solution. However, nanotubes longer than the Kuhn segment length of 1600 nanometers undergo considerable thermal fluctuation, suggesting a greater flexibility of these materials than is generally assumed.
With currently available synthetic methods (1, 2) , carbon nanotubes are always grown as long strings, and this string shape is largely responsible for their immediate applications to field emission source (3), probe tips (4, 5) , tweezers (6 ), molecular or chemical wires (7, 8) , and fibrous composites (9) . Despite their importance, however, there has been no effective means to shape a large number of individual carbon nanotubes in a controlled way. Chemical modification of nanotubes along logically designed pathways may be one such method. In particular, ring-forming reactions yield a result that can be easily confirmed by microscopic techniques. So far, accidental occurrences of ring structures during nanotube syntheses have been reported (10, 11) . There is also a report of ring formation by physical coiling (12 (14) . The resulting SWNTs can be dispersed relatively well in water and dimethylformamide (DMF), although some tend to aggregate into bundles even in these dispersions. We note that dispersible amounts of SWNTs in various solvents (15, 16) depend on history of chemical treatments as well as lengths.
Ring closure can be achieved with a number of organic reactions with the oxygencontaining groups at the tube ends, provided that SWNTs have not completely collapsed or coagulated at each step of the procedure. Any processes that promote aggregation, such as filtering, should be avoided as much as possible. A possible scheme with 1,3-dicyclohexylcarbodiimide (DCC) is illustrated in Fig. 1 . Raman shift of the A 1g mode (17) indicates that SWNTs (laser-oven products purchased from Rice University) have a diameter of 1.2 nm. Large aggregates of SWNTs after the acid treatments were removed by ultracentrifuge at 3500g. The remaining SWNTs in the supernatant solution were dispersed in dry DMF so that the solution was lightly colored and an excess amount of DCC was added. The mixture was stirred overnight at room temperature, after which solid materials were collected and washed on a Teflon filter. For the following statistical analysis, the reaction mixture before filtration ( Fig. 2A ) was used for sampling. Another reaction by modifying carboxylic acids to acid chlorides (13, 18) also produced rings but with lower yields, probably because of poorer dispersion of acid chloride SWNTs in DMF.
Atomic force microscopy (AFM) reveals rings of an average diameter of 540 nm or equivalently a contour length of 1.7 m (Fig.  2B) . A control sample of acid-treated SWNTs without reaction also produces a ring-shaped feature that is caused by physical coiling. This happens rarely, and only one or two loops, if any, are seen in the area, as shown in Fig. 2A . The diameter of coils obtained by Martel et al. (12) is larger on average, which may be due to the fact that the coils are open-ended whereas the present rings are closed. Once formed, rings are quite stable both chemically and physically. Ringopening reactions, such as treating rings with dimethylaminopyridine and n-butylamine or NaOH, had no effect on the rings. Heating rings to 500°C under N 2 atmosphere for 3 hours did not open the rings. Because any oxygen-containing organic bonds should have decomposed at this temperature, it is interesting to investigate the nature of the linkage after the heat treatment.
During reproducibility experiments, we noticed that the size of rings was roughly the same even when different chemical conditions, such as water contents and different functional groups, were used. Figure 3A ume effects. The wormlike chain is a statistical mechanical model often used for a stiff polymer (19) . A measure of elastic stiffness is given by a persistence length, p. When the contour length of a chain, L, is small compared with p, the chain is considered stiff. To obtain ring-closure probability G(L; p) of wormlike chains in Yamakawa-Stockmayer theory, a distribution function of the end-toend distance vector is solved within a perturbation framework. Ring closure is achieved by letting the end-to-end distance to zero. Finally, integrating over all possible angles at which two chain ends meet yields the result (20)
for r Ͻ 0.96093 0.32992r
where r ϭ L/ 2p is the reduced length. Thus, G is completely determined by a given material parameter p. It is nearly zero for L Ͻ
1.5p and becomes significant only for L Ͼ 2p. If W(L) denotes the contour length distribution of acid-treated SWNTs in DMF before the reaction, the ring contour length follows a joint distribution W(L)G(L; p).
In reality, W is not directly accessible and must be estimated. Figure 3B plots a histogram of contour lengths of all tubes in a control sample without reaction. The tube lengths were measured directly from AFM images of cast films after evaporating DMF. If W is approximated (after proper normalization) by the histogram given in Fig. 3B , the least squares fit of the observed ring-contour distribution (a normalized histogram in Fig. 3A) by WG yields p ϭ 0.82 m. The corresponding best fit curves WG and G are displayed as solid curves in Fig. 3, A and B , respectively. AFM images indicate that longer tubes tend to be thicker, and nearly all tubes with lengths longer than 1 m are bundles. Because some SWNTs are likely to be aggregated into bundles during solvent evaporation, W probably takes larger values at shorter lengths and decays faster at longer lengths than the histogram suggests. Because G stays very small at short L, this uncertainty in estimating W is not relevant. Other control samples produce histograms that shear the common features of having a maximum at small L and a decaying tail at longer L, but with different peak positions and decaying rates. All of them give p in the range 0.80 Ϯ 0.05 m. This is consistent with p being a material property that should not depend on a choice of W. The numerical reasons of insensitivity of p on W are that, as long as W decays to zero by about 2 m, p is mainly determined by the left-hand shoulder of the ring contour distribution and the effects of W appear only on the fit over the right-hand shoulder. Because a bundle length defines a maximum length of individual SWNTs within the bundle, both individual SWNTs and bundles satisfy this condition. A helical wormlike chain model (21) to represent G gives a p similar to that of the wormlike chain model. The value of p ϭ 0.8 m is comparable to the stiffest polymer chains reported so far, such as DNA and cellulose derivatives (22) . This means that, despite its large Young's modulus of about 1 TPa (23), thermal fluctuation can bend a SWNT like a semiflexible polymer if its contour length exceeds the Kuhn statistical segment length of 2p ϭ 1.6 m.
When only the acid-treated SWNTs with lengths shorter than 1 m were used, few rings formed. The ring-contour histogram shown in Fig. 3A is not multimodal. These observations indicate that rings result from the ring-closure reaction of a single tube, rather than the closing of oligomerically linked tubes that have been polymerized linearly by bimolecular reactions. At least two factors are responsible for predominant closure reactions that are usually unfavorable in ordinary reactions. The concentrations of SWNTs were extremely low. Absorption spectroscopy indicates that the lightly colored solution contains less than 0.05 mg/ml. An AFM image ( Fig. 2A ) also shows that the molar concentration is so low that the number of tubes is almost countable. Ordinary reactions under an effectively low concentration condition are known to produce polymer rings, such as syntheses of cyclic peptides on an oxime resin (24) . Also, dynamic light scattering yields a diffusion constant of 4 ϫ 10 Ϫ8 cm 2 /s for even very short SWNTs. This value is 10 2 to 10 3 times slower than typical organic molecules in solution. Thus, bimolecular collision is highly suppressed, whereas intramolecular reaction is not affected. This implies that W does not shift to the right during reaction under the present conditions.
Height examinations of the rings in the AFM images show that some rings are thicker than a few nm, implying rings of bundles. Either postaggregation of linear SWNTs onto a single-tube ring or ring closure of a single bundle forms ring-shaped bundles during reaction. It is difficult to verify from AFM images, because the former case may take place also during solvent evaporation. The good fit over the left-hand shoulder of the ring distribution by a single value of p suggests the former case, whereas the fine fit over the right-hand shoulder by the all-tubes distribution of Fig. 3B favors the latter. Unless p depends significantly on a number of individual SWNTs in a bundle, rings can contain both types. For possible controls of the average ring size, it is interesting to see if p depends on the SWNT diameter.
